We study theoretically and experimentally the infrared (IR) spectrum of an adamantane monolayer on a Au(111) surface. Using a new STM-based IR spectroscopy technique (IRSTM) we are able to measure both the nanoscale structure of an adamantane monolayer on Au(111) as well as its infrared spectrum, while DFT-based ab initio calculations allow us to interpret the microscopic vibrational dynamics revealed by our measurements. We find that the IR spectrum of an adamantane monolayer on Au(111) is substantially modified with respect to the gas-phase IR spectrum. The first modification is caused by the adamantane-adamantane interaction due to monolayer packing and it reduces the IR intensity of the 2912 cm −1 peak (gas phase) by a factor of 3.5. The second modification originates from the adamantane-gold interaction and it increases the IR intensity of the 2938 cm −1 peak (gas phase) by a factor of 2.6, and reduces its frequency by 276 cm −1 . We expect that the techniques described here can be used for an independent estimate of substrate effects and intermolecular interactions in other diamondoid molecules, and for other metallic substrates.
I. INTRODUCTION
Diamondoids form a class of hydrocarbon molecules composed of sp 3 hybridized carbon atoms. They can be regarded as small pieces of diamond whose dangling bonds are terminated with hydrogen atoms. Diamondoids are known to exhibit negative electron affinity and they have possible applications as electron emitters, 1,2 and other nanoscale devices.
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Diamondoids have also attracted much interest because of their possible appearance in the interstellar medium. 4, 5 The smallest diamondoid is adamantane (C 10 H 16 ), which has a highly symmetric cage-like structure (T d point group) illustrated in Fig. 1(a) . Various theoretical and experimental results on infrared (IR) spectroscopy of both gas and solid adamantane have been reported in the literature. [5] [6] [7] [8] [9] [10] [11] [12] [13] Self-assembled monolayers of larger diamondoids than adamantane (i. e. tetramantane) on a Au(111) surface system has been studied with scanning tunneling microscopy (STM). 3, 14 The infrared spectrum of a functionalized adamantane on a Au(111) surface has been studied in Ref. 15 ; however the functionalization prevents adamantane molecules from being in direct contact with the Au(111) surface.
Therefore a detailed characterization of the adamantane monolayer-gold surface interaction is missing.
In this work we investigate a submonolayer of adamantane in direct contact with a Au(111) surface. We experimentally obtained the IR spectrum of a self-assembled adamantane island on a Au(111) surface by using a newly developed method which combines infrared spectroscopy and scanning tunneling microscopy. 14 The observed spectrum of the adamantane monolayer on Au(111) is significantly altered with respect to the gas and solid phase of adamantane. To account for this difference theoretically, we studied the IR spectrum within the framework of density functional theory (DFT) and density functional perturbation theory (DFPT). Our analysis reveals that intermolecular and molecule-substrate interactions cause mixing (hybridization) of the gas phase vibrational modes. As a result, IR-active vibrational modes of adamantane molecules on a gold substrate are found to be considerably different than those of the gas phase. For example, our calculations show that the intermolecular interaction in the adamantane monolayer reduces the IR intensity of one of the gas-phase IR peaks by a factor of 3.5. In addition, the interaction between adamantane molecules and the Au(111) substrate increases the IR intensity of another gas-phase mode by a factor of 2.6 and causes a significant redshift of 276 cm −1 for this mode. This paper is organized as follows: in Sec. II, we describe the details of our experiment.
In Sec. III we introduce the computational methods. In Sec. IV, we describe and analyze the theoretical and experimental IR spectra. In Sec. IV B 1, IV B 2 and IV B 3 we study theoretically the IR spectrum of a single adamantane molecule, the IR spectrum of an adamantane monolayer, and the IR spectrum of an adamantane monolayer on a Au (111) surface, respectively. In Sec. IV C we compare experimental and theoretical IR spectra.
Finally, in Sec. V we discuss our conclusions.
II. EXPERIMENTAL SETUP
Adamantane (Sigma-Aldrich, purity ≥ 99%) was deposited onto a clean Au(111) surface from adamantane powder held in a vacuum chamber by exposing the gold surface to adamantane vapor formed at room temperature. To achieve submonolayer molecule coverage the adamantane vapor flux was controlled with a leak valve. Before the deposition, it was necessary to precool a freshly cleaned gold crystal to 15 K to facilitate adsorption of the molecules onto the Au(111) surface. The precooled gold crystal was then transferred into a chamber with base pressure of ∼ 10 −11 Torr where the crystal was held in a room temperature manipulator during the adamantane deposition which lasted for about ten minutes (pressure rose to ∼ 10 −9 Torr when the adamantane valve was opened for deposition). After the deposition, the sample was immediately transferred into a homemade ultra-high vacuum variable temperature STM operating at T = 13-15 K for STM surface characterization. The adamantane molecules on Au(111) were observed to self-assemble into hexagonally packed molecular islands with a lattice constant of 7.5±0.2Å. Figure 1 (b) shows a typical STM image of an adamantane island on a Au(111) surface.
IR absorption spectra of adamantane submonolayers on the Au(111) surface were obtained by using a recently developed technique referred to as infrared scanning tunneling microscopy (IRSTM). 14 IRSTM employs an STM tip in tunneling mode as a sensitive detector to measure the thermal expansion of a sample due to molecular absorption of monochromatic IR radiation. The surface thermal expansion of the sample, recorded as a function of IR frequency, yields the IR molecular absorption spectrum. Frequency-tunable IR excitation of the samples was achieved by using a homemade tunable mode-hop-free laser source based on a singly resonant optical parametric oscillator. 16 The detailed description of the IRSTM setup and the discussion of its performance are given elsewhere.
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III. THEORETICAL CALCULATIONS
In this section, we describe the computational methods used in this work.
A. Geometry of adamantane on Au(111)
We start with a discussion of the orientation of an adamantane monolayer on the Au(111) surface as shown in Fig. 1 . Based on the STM topography shown in Fig. 1(b) , we model the molecular arrangement on a Au(111) surface. In our model, the adamantane molecules are arranged in a √ 7 × √ 7 structure as shown in Fig. 1(c) . The intermolecular distance in this model is 7.40Å, which is close to the observed intermolecular distance 7.5 ± 0.2Å. In our calculations we place the adamantane molecules so that the three-fold axis of the molecule is perpendicular to the surface, with three bottom hydrogen atoms facing down toward the Au(111) surface. Because of its three-fold symmetry, this configuration is compatible with the hexagonal self-assembled island seen in the STM topography Fig. 1(b) .
We determine the most stable adsorption geometry of adamantane by computing the total energy for various adsorption sites. We perform ab initio total energy calculations within the framework of DFT We model the Au(111) surface by a finite slab with a thickness of seven gold layers with seven gold atoms in each layer in a supercell geometry 24 . The primitive unit cell of the slab includes one adamantane molecule. Therefore, in total the primitive unit cell contains 75
atoms. The width of the vacuum region is 15.5Å.
Binding energies and molecule-surface distances of four different optimized geometries are listed in Table I . The name of each geometry is based on the position of the center of the molecule and the positions of the three bottom hydrogen atoms shown in Fig. 1(a) . In the most stable geometry (hollow-atop) the center of the molecule is on the hollow site and three hydrogen atoms are close to the gold atoms in the topmost layer (see Fig. 1(c) ). The calculated distance between the bottom hydrogen atoms and the gold surface is 2.29Å after optimization of the atomic coordinates.
It is well known that LDA energy functionals do not correctly describe long-range interactions such as the van der Waals interaction. Thus we also cross-check our results with van der Waals density functionals (vdW-DFs). [25] [26] [27] [28] [29] In particular, we use an improved version structural optimization with a vdW functional, the hollow-atop geometry remains the most stable configuration although the binding energy differences are reduced compared to the LDA (the binding energy difference between the hollow-atop geometry and the atop-bridge geometry is reduced from 111 meV/molecule (in LDA) to 44 meV/molecule). In addition, the distance between the molecule and surface using the vdW functional is increased from 2.29Å (in LDA) to 2.45Å in the hollow-atop geometry. Since both of these changes are not large, we expect that the use of the vdW-DF functionals throughout this work does not qualitatively affect the computed IR spectra.
B. Phonon and IR intensity calculation
Next, we describe the methods with which we compute the frequency and infrared intensity of the adamantane vibration modes, in various environments (gas, monolayer, and on the Au(111) substrate).
For this purpose we use density functional perturbation theory as described in Ref. 30 .
All calculations are done only in the Brillouin zone center point (Γ). We define the phonon effective charge of the j th phonon branch as
Here Z is the Born effective charge tensor, U(ω j ) is the eigendisplacement vector, and ω j is the phonon frequency of the j th phonon branch. Cartesian vector components are represented by α and β, while s represents the atom index. The Born effective charge Z αβ s is defined as the first derivative of the force F β s acting on an atom s with respect to the electric field E α ,
The IR intensity of the j th phonon branch can be computed from the phonon effective
Once we obtain the IR intensities I IR (ω j ), we model the IR spectrum at any frequency ω by assuming a Lorentzian lineshape with a constant linewidth of 10 cm −1 (full width at half maximum). In general, all nine Cartesian components of the Born effective charge must be calculated to obtain the IR intensities. However, on the metallic surface, one can focus only on the components of the electric field perpendicular to the surface (α = z).
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To compute the Born effective charge, we use a finite-difference approximation of Eq. 2, and we apply the electric field using a saw-tooth like potential in the direction perpendicular to the slab (z). Therefore we can obtain the Born effective charge by dividing the force induced by the electric field (∆F ) with the strength of the electric field (E z ).
Using this method we calculate the IR spectra of a single molecule, of a molecular monolayer without a substrate, and of molecules on a Au(111) substrate. To track the changes in the IR spectrum due to intermolecular interaction and due to substrate effects, we perform the following interpolation procedure. We define an interpolated dynamical matrix D int and
Born effective charge Z int between any two configurations A and B as
Here D int = D A for λ = 0 and D int = D B for λ = 1 and is continuously tuned from A to B for 0 < λ < 1 (same for Z int ). Diagonalizing D int for each λ and using interpolated Z int we obtain interpolated IR intensity for each λ with 0 < λ < 1.
For the start and end configurations A and B, we use either no subscript, subscript M, or subscript Au to denote either an isolated molecule, molecules in an isolated molecular monolayer, or in a monolayer on a Au(111) substrate, respectively. We first interpolate the spectra from the isolated molecule phase to the monolayer phase (M) to determine the effect of the intermolecular interactions. Finally to estimate the effect of the molecule-substrate interactions we interpolate the spectrum of the monolayer phase (M) to the case of molecules on the gold substrate (Au).
In the interpolation procedure, we take into account only dynamical matrix elements of carbon and hydrogen atoms (neglecting the displacements of gold atoms). We find that the effect of gold atom displacements on vibrational frequencies is only 0.3 cm −1 and on the IR intensity less than 10%.
In addition to the interpolation method we also quantitatively analyze the similarity of eigendisplacement vectors between various configurations. We do this by computing the norm of the inner product u We use the same subscript convention as for the interpolation procedure (Au, M, or no subscript for molecules on the substrate, the molecular monolayer, or single molecule case respectively).
Since an adamantane molecule consists of 78 phonon modes, we simplify the analysis by only considering inner products between the 16 predominantly C-H stretching modes.
IV. RESULTS
This section is organized as follows. We present our experimentally obtained IR spectra of an adamantane submonolayer on a Au (111) 
B. Theoretical analysis of IR spectra
To understand the origin of IR spectrum modification of adamantane on Au(111) we compute IR spectra for an isolated adamantane molecule, for an adamantane monolayer, and for an adamantane monolayer placed on the Au(111) substrate. We discuss these three cases in the following three subsections of the paper.
Single molecule
We compute the vibrational frequencies and IR intensities of an isolated single molecule of adamantane by placing the molecule in a large unit cell (length of each side is 16Å) to minimize the interaction between periodic replicas. The calculated vibrational frequencies of the C-H bond stretching modes (and phonon effective charge) are listed in Table II and compared with the experimental frequencies from the literature. 10,13 Our calculation reproduces quite well the vibrational frequencies as compared to the experimental data. We find the largest discrepancy of ∼ 30 cm −1 for two modes (labeled ω 2 and ω 7 in Table II to simplify the comparison with the IR intensities of adamantane in molecular monolayer and monolayer on the Au(111) surface. We obtain three substantial IR absorption peaks of a single molecule adamantane in the frequency region from 2850 to 2950 cm −1 . The highest, middle, and lowest frequency peaks correspond to the ω 5 , ω 6 , and ω 7 modes, respectively.
The ω 6 peak has the largest IR intensity, followed by the ω 5 peak. This order of the IR intensities is consistent with a previous DFT result 12 .
Adamantane monolayer
Before analyzing the IR spectrum of an adamantane monolayer on a Au(111) surface, we first analyze the IR spectrum of a free adamantane monolayer (with the same intermolecular distance as in the monolayer on the gold substrate). Placing adamantane in the monolayer arrangement (see Sec. III A) lowers the symmetry of the system from T d (in the gas phase) to C 3v . This symmetry reduction is followed by splitting of the threefold degenerate T 2 representation (in T d ) to a twofold E representation and a onefold A 1 representation. The basis functions of the E representation are x and y, therefore they have no IR activity in the z direction (perpendicular to the monolayer). In contrast, the modes with A 1 representation are active along the z direction. In addition, symmetry reduction to the adamantane monolayer splits the T 1 representation into E and A 2 , both of which are IR inactive in the z direction (E is active in x and y). Therefore, the adamantane monolayer has in total five C-H stretching modes that are IR active along the z direction. We label these five modes corresponding to the A 1 representation with ω The blue dashed line in Fig. 4 shows the calculated IR spectrum of the adamantane monolayer. The changes in the IR spectrum of the adamantane monolayer compared to the single molecule are presented in more detail in Fig. 5 and in Table III . Figure 5 shows interpolated IR spectra between a single molecule and a molecular monolayer case (using the interpolation method described in Sec. III B). Table III shows the calculated vibrational frequencies, phonon effective charges, and inner products between phonon eigenvectors of gas and monolayer adamantane. The arrows indicate the peaks evolution from the isolated molecule case to the monolayer case.
From Fig. 5 and the inner products in Table III , we find that there is one-to-one correspondence between the ω 2 , ω 4 , ω 5 , ω 7 modes of a single molecule adamantane phase and the ω 
ω M 5 , and (f) ω M 6 modes of an adamantane monolayer without a gold substrate.
Monolayer on Au(111)
Finally, we study the vibrational properties of the adamantane monolayer on a Au (111) surface. Introduction of the Au(111) surface further reduces the symmetry of the system from C 3v (in the monolayer) to C 3 . Due to symmetry reductions, both the IR active A 1 mode and the IR inactive A 2 mode having C 3v symmetry (monolayer) are changed to the IR active A representation having C 3 symmetry. The IR inactive E modes, remains inactive in the C 3 symmetry along the z direction. The red solid line in Fig. 4 shows the calculated IR spectrum of a molecular monolayer on a gold substrate. Vibrational frequencies and phonon effective charges are shown in Table IV . The most notable difference compared to the spectrum of the isolated adamantane monolayer and gas phase molecule is the significant redshift of one of the modes ω mode are nearly the same (compare Fig. 6(a) and Fig. 8(a) ).
Interpolation analysis of the remaining IR peaks is quite involved in this case. Therefore we turn to the analysis of the inner products of the phonon modes in the isolated monolayer and the monolayer of on Au(111). These inner products are shown in Table IV . From this TABLE IV. Vibrational frequencies (in cm −1 ), phonon effective charges Q z (in elementary charge e), and inner products of C-H stretching modes of adamantane molecules on a Au(111) surface.
Norm of the overlap between adamantane monolayer phase phonon eigenvector ( u M j |) and monolayer on gold phonon eigenvector (|u Au i ) is also shown, indicating the nature of the hybridization of the gas phase phonons into the monolayer phase phonons. In the Table we neglect all overlaps whose norm is smaller than 0.1.
Monolayer phase overlap
Irrep and ω Au 5 are relatively small since these modes include only a small amount of C-H bond stretching perpendicular to the surface (see phonon eigendisplacements in Fig. 8 ).
On the other hand, Table IV shows a rather remarkable change in the frequency and IR intensity of the ω Au 6 mode. This mode is a mixture of the ω mode consists of the in-phase perpendicular vibration of the three bottom hydrogen atoms near the Au(111) surface (see Fig. 8(f) ), therefore it is not unexpected that this mode will be significantly affected by the Au(111) surface. Comparison of the charge density of the isolated adamantane monolayer to the charge density of the monolayer on the Au (111) surface reveals that the molecule-surface interaction reduces the electron charge density on the adamantane C-H bonds. We speculate that this reduction of charge density within the C-H bonds is responsible for the decrease in the ω qualitative agreement between the two spectra, both in the peak position and in their relative intensities (the experimental vertical scale is chosen so that the peak height at 2846 cm −1 matches the theoretical peak height at 2851 cm −1 ). Agreement is even better after applying a correction to the calculated phonon frequencies (red line in Fig. 9 ) as we describe below in Sec. IV C 1.
We assign the relatively large experimentally obtained IR peak at 2912 cm −1 to the theoretically obtained ω frequency range (from 2840 to 2990 cm −1 ), we expect that it will be accessible to future experimental probing.
Correction of the dynamical matrix
Here we present the method we use to correct the DFT-LDA IR spectrum of the adamantane monolayer on the Au(111) substrate (red line in Fig. 9 ). First we obtain the correction D corr to the calculated dynamical matrix of the adamantane gas phase so that it exactly reproduces the experimentally measured frequencies of adamantane gas and solution phase,
Here ω i and |u i are the phonon frequencies and eigenvectors of the original dynamical matrix, while ∆ i is the difference between the computed and the measured adamantane gas and solution phase frequency. In the second step, we add this same correction matrix D The IR spectrum of the isolated adamantane molecule (black dashed line in Fig. 10) consists of three IR active C-H stretching modes (ω 5 , ω 6 , ω 7 ). The adamantane-adamantane interaction (packing effect) reduces the IR intensity of one of these modes (ω 6 ) by a factor of 3.5. On the other hand, the adamantane-gold interaction severely redshifts the gas phase ω 5 mode (by 276 cm −1 ), and increases its IR intensity by a factor of 2.6. In addition, both ω 5 and ω 6 are hybridized with IR inactive gas phase modes (ω 2 and ω 1 respectively). See
Sections IV B 2, IV B 3 and Tables III, IV for more details.
In conclusion, we expect that these techniques can be used to study intermolecular and molecule-substrate effects of other molecular systems, including the use of other metallic
substrates. In particular, we expect that the IR intensity reduction of the gas phase ω 6 mode (or equivalent, for other molecules) can be used as a direct measure of intermolecular interactions. Similarly, the increase in the IR intensity and the redshift of the ω 5 mode can be used as a direct measure of molecule-substrate interactions. 
